We report a fast, versatile photocurrent imaging technique to visualize the local photo response of solar energy devices and optoelectronics using near-field cathodoluminescence (CL) from a homogeneous quantum dot layer. This approach is quantitatively compared with direct measurements of high-resolution Electron Beam Induced Current (EBIC) using a thin film solar cell (n-CdS / p-CdTe). Qualitatively, the observed image contrast is similar, showing strong enhancement of the carrier collection efficiency at the p-n junction and near the grain boundaries.
3
Scanning photocurrent microscopy permits monitoring carrier dynamics under an external excitation in real time, providing rich information on local electronic structures and optical properties in electronics and photonic devices. A laser beam induced current map has been used to investigate lateral inhomogeneity in a variety of semiconductor devices and solar cells, revealing the effect of local impurities and defects on the device performance 1 2 . Using a small fiber probe that can confine optical illumination below the diffraction limit 3 , near-field optical scanning microscopy was used to spatially and spectrally resolve photo response of copper indium gallium disulfide (CIGS) solar cell with a lateral resolution of ≈200 nm 4 . The excess carriers (i.e., electron-hole pairs) in these methods are generated through local photon absorption. Alternatively, an electron beam (typically 1 keV to 30 keV) can directly create the carriers through an ionization process. High-throughput electron beam induced current (EBIC) measurements offer a spatial resolution as high as ≈20 nm both on the top surface and throughout the cross-section of the device, allowing in-situ measurement of the carrier dynamics at the level of individual micro/nanostructures 5 6 7 . However, the quantitative accuracy of EBIC mapping of low-energy carrier dynamics and thermalization processes may be compromised by the highenergy of the incident electrons. Additionally, direct electron irradiation can cause undesirable artifacts such as charging in poorly conducting materials and damage in organic, carbon-based (e.g., carbon nanotubes and graphene) and biological specimens 8 9 .
High-energy electrons interact with a material by losing energy and exciting carriers (electrons and holes) and phonons. Some electrons are scattered back, leaving the sample surface after one or several elastic or inelastic collisions. The energy loss associated with the backscattered electrons depends on the atomic numbers or composition of the materials 10 . The remaining energy of the electron beam is deposited and dissipated in the sample, causing the 4 excitations of electrons and holes, generation of secondary electrons, characteristic X-rays, and photons (i.e., cathodoluminescence) as well as heat 11 12 . Earlier experiments showed that the generation of one electron-hole pair corresponds to the loss of incident electron energy ×E g , where E g is the energy band-gap of the material with  for many inorganic semiconductors and insulators 13 14 . This empirical value,  accounts for all energy losses mentioned above as well as for energy relaxation of electrons and holes excited well above the band gap.
EBIC signal is generated when the electrons and holes are separated by an internal (or contact) electric field and extracted from the device, while cathodoluminescence (CL) is produced by the radiative recombination of the electron-hole pairs. Recently, CL of a silicon nitride film (ultraviolet photons) was used for optical imaging of latex spheres with a spatial resolution as high as ≈50 nm 15 . This attractive approach can be extended to in-vivo imaging of biological specimens in challenging environments (e.g., liquids) 16 17 . In this Letter, we describe a fast, high-resolution photocurrent imaging technique, where a conformal quantum dot film efficiently converts a high energy electron beam into a localized photon source addressable by an electron beam. Q-EBIC (EBIC using quantum dots) results are compared to the corresponding EBIC data using a polycrystalline cadmium telluride (CdTe) solar cell. To assess the luminescence efficiency, CL spectra of quantum dots are compared to those of various semiconductors and phosphors.
Thin-film CdTe solar cells (≈1 cm  2 cm) used in this work were extracted from a commercial solar module 7 . An Ohmic contact was made to p-CdTe either by using the metallization remaining on the surface after the extraction process or by evaporating Cu (2 nm) / Au (7 nm) metal contact. A nano-manipulator inside the scanning electron microscope (SEM) 5 with a tungsten probe (100 nm tip radius) wired to an EBIC preamplifier was placed on top of the contact to p-CdTe. The glass substrate coated with n-CdS (cadmium sulfide) / TCO (transparent conducting oxide) layer served as a common contact. To map the efficiency of the carrier collection throughout the entire p-n junction region, cross-sections (5 µm × 40 µm) of the device were prepared using a focused ion beam (FIB). Quantum dots (≈9 nm in diameter) served as CL phosphors, which were deposited as a conformal film on the rough surface of our CdTe solar cells. The homogeneous colloidal cadmium selenide / zinc cadmium sulfide (CdSe/ZnCdS) core/shell quantum dots in toluene showed an emission peak at ≈620 nm with a full width at half maximum (FWHM) of ≈30 nm as determined by either fluorescence spectroscopy or photoluminescence measurement 18 . A dip-coater was used for layer-by-layer assembly of the quantum dots on the CdTe solar cell. We used 0.001 mol/m
in acetonitrile solution as a cross-linking agent between the CdSe/ZnCdS quantum dot layers 19 20 .
All dipping processes were carried out at a rate of 1 mm/s to give a fairly uniform final thickness of the CdSe/ZnCdS quantum dot layer of ≈50 nm, corresponding to ≈6 layers of quantum dots 18 .
CL spectra were obtained using a Czerny-Turner spectrometer with a CCD (charged coupled device) camera, where the photons were collected by a diamond-tuned parabolic mirror and dispersed with a grating with a groove spacing of 150 mm -1 21 . All measurements were performed at a chamber pressure of < 1.3×10 -4 Pa (1×10 -6 Torr) and the spot size of the electron beam was ≈2 nm. Figure 1 illustrates the schematic of the measurement approaches in this work, where the electron-hole pairs are created by the absorption of photons (Q-EBIC) or through an ionization process by electron beams (EBIC).
A field-emission SEM image shows a uniform coverage of CdSe/ZnCdS quantum dots on a thin metal contact to the CdTe absorber (Figure 2a ). While the peak-to-valley surface 6 roughness of the CdTe (< 500 nm) is larger than the diameter of quantum dot (≈9 nm), the layerby-layer assembly process provides a highly conformal coating over the large area. The film thickness (≈50 nm) is chosen to be sufficiently thick to absorb all incident electrons for a range of low acceleration voltages while thin enough to enable high-spatial resolution for photocurrent mapping. A set of measured current images of the CdTe solar cell was obtained on the same region for different acceleration voltages, as shown in Figure 2 (b-e). The bright contrast seen at many grain boundaries indicates higher carrier collection at grain boundaries than at grain interiors, consistent with our earlier work 7 . The contact metal (Cu/Au = 2nm/7nm) is sufficiently thick to serve as an electrical contact, but still thin enough to minimize the attenuation of injected electron absorption and photon emission from the CdTe absorber 22 . Because the penetration depth of the irradiated electron beam significantly increases with the acceleration voltage, the contribution of the EBIC to the total current becomes more significant than that of Q-EBIC (i.e., photons) at larger acceleration voltages.
Complementary CL spectra of the CdSe/ZnCdS QD coated CdTe specimen were collected at different acceleration voltages ( Figure 2 f-i) 18 , illustrating that at an electron energy of 5 keV and below, photon emission (≈620 nm) originated from the quantum dot layer (E g = 2 eV). Only at higher energies do the electrons penetrate to the underlying CdTe (E g = 1.5 eV) as evident by the emerging CL peak at ≈810 nm. We note here that quantitative comparison of the CL peak intensities (620 nm vs. 810 nm) is not straightforward. First, the light extraction can be significantly different. Considering photon generation from an incoherent, unpolarized point source and taking the refractive index of CdSe/ZnCdS and CdTe to be 1.7 and 2.9, respectively, the estimated fraction of the photons emitted to vacuum through a planar interface is ≈8. where the electron-hole pairs are generated within the generation bulb determined by the electron beam energy (e.g., ≈20 nm at 3 keV in CdTe), the spatial resolution of the Q-EBIC is determined both by the excitation bulb and by the absorption depth of the photons emitted from the quantum dot layer. Photons with a wavelength of 620 nm travel ≈150 nm in CdTe before the original intensity drops by a factor of 1/e (67 %) 25 , corresponding to the penetration depth of the electron beam at 7 keV (estimated by a Monte Carlo simulation 24 ). Thus, the resolution of Q-EBIC image collected at 3 keV parallels the EBIC images collected at 7 keV but a different magnitude of current (i.e., larger number of carrier generation with 7 keV). This limitation of practical resolution in the current experiment also suggests that a possible thickness variation of the QD film will not affect the image if the film thickness is in the range from 20 nm (excitation bulb at 3 keV) to 150 nm (absorption depth of CdTe at 620 nm).
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The maximum current measured with Q-EBIC (22 nA) at 3 keV is higher than the current measured with EBIC (17 nA) at the same accelerating voltage. This is perhaps surprising; the band-gap of the quantum dots is greater (E g = 2 eV) than CdTe (E g = 1.5 eV), implying less electron-hole pairs created in CdSe/ZnCdS compared to CdTe for a fixed electron beam voltage.
The fact that the external quantum efficiency is nevertheless greater for Q-EBIC is reflective of two factors: (1) very efficient photon generation in the CdSe/ZnCdS layer, and (2) Enhanced efficiency of charge collection when carriers are excited by photons emitted by the quantum dots, compared to the excitation by electrons. The latter can be understood as a consequence of the increased absorption depth of photons compared to electrons: generating electron-hole pairs deeper in the interior of the CdTe minimizes surface recombination.
We estimate the internal quantum efficiency of the quantum dot using the measured current   we use the measured EBIC data. To ensure similar collection efficiency and, respectively, the absorption depth as described above, we compare 3 keV Q-EBIC and 7 keV EBIC data, where the electron-hole pairs were generated within the same volume of the CdTe absorber (i.e., same average extraction efficiency of electrons and holes). A 7 keV electron injected in the CdTe absorber (E g = 1.5 eV) creates ≈1150 electron-hole pairs by 10 assuming that 3×E g electron beam energy is necessary to generate one electron-hole pair 13 and accounting for the calculated backscattered energy loss of ≈26 % 26 . This equals to the maximum current of ≈440 nA under the electron beam current of ≈380 pA. The observed maximum current at 7 keV in EBIC is ≈110 nA, resulting in collection efficiency for CdTe   CdTe IQE of ≈25 %.
The estimated fraction of photon emission from the quantum dot to the CdTe layer
. This is due to the difference of the refractive indices of the CdTe (n = 2.9), the quantum dot layer (n = 1.7), and the vacuum (n = 1) 18 . loss, and the number of generated CL photons. Assuming that IQE is close to 100 % in the high purity GaAs or InP, we calculate IQE of QD film as 102 ± 7 % 18 . This value is consistent with the IQE value determined in the Q-EBIC measurements.
In summary, we presented a new photocurrent imaging approach that combines the high speed and versatility of electron microscopy with optical microscopy by down-converting high energy electrons to local photons through CL in quantum dots. The near-field CL of the CdSe/ZnCdS quantum dot layer is very bright, and the generated photocurrent exceeds the direct EBIC signal within a useable range of parameters. Beyond the immediate application to the local characterization of various types of solar cells and optoelectronic devices, the approach has general advantages for a broad range of microscopies. Sample under study is not exposed to direct electron beam irradiation as the incident beam is fully absorbed in the quantum dots layer conforming to the sample surface. Compared to near-field optical scanning microscopy or other super-resolution optical microscopies, the current approach is high-throughput, can be used for samples with rough surface topography and features the high depth of focus typical for electron microscopy.
Figure 1.

Schematic of Q-EBIC (EBIC using quantum dots), EBIC (electron beam induced current), and
cathodoluminescence (CL) measurements that are made on a CdTe solar cell. An irradiated electron beam on the quantum dots generates photons through the recombination of electron-hole pairs (ehp). The emitted photons are absorbed in the CdTe, producing a local current (Q-EBIC).
In contrast, EBIC collects electron-hole pairs that are directly generated through an ionization process in the CdTe. CL spectroscopy collects the fraction of the photons that are emitted into vacuum. Although the estimated fraction of CL emission (Equation S-4) from the CdSe/ZnCdS QD layer (≈16 %) is larger than that of CdTe absorber (≈2 %), the integrated photon counts from to the CdSe/ZnCdS QD layer at 620 nm (≈ 1800 at the peak) is much higher than that from the CdTe at 810 nm (≈ 100 at the peak). [Case 2] CdSe/ZnCdS QD layer (1 µm; n = 1.9) on Si substrate (500 µm; n = 3.95). The simulated CL fraction from the QD layer is 7 % ± 2 %.
[Case 3] A Cu/Au (2 nm/7nm; n = 0.2) contact metal is located between the thin QD layer (n = 1.7) and the CdTe absorber (n = 2.9). The calculated CL fraction from the QD layer and the CdTe absorber is 1.9 % and 16 % ± 2 %, respectively. The overall CL energy efficiency is given by:
where r is the backscattering coefficient, [hv] is the mean photon energy, βE g is the energy needed to generate thermalized electron-hole pairs, η t is the transfer efficiency of electron-hole pairs to emission centers, CL IQE is the internal quantum efficiency, and η esc is the probability of escape of the generated photons. Commercial phosphors and direct band-gap semiconductors would generally have high transfer efficiency (η t ≈1). η esc is proportional to the CL fraction   CL f that was estimated using the Eq. (S-4). Backscattered energy loss is associated with the primary electrons that leave the sample surface after one or several elastic or inelastic collisions. This loss depends on the atomic numbers or composition of the materials 10 . The remaining electron energy deposited in the sample participates in the ionization events. Earlier experiments showed that the generation of one electron-hole pair corresponds to the loss of incident electron energy ×E g , where E g is the energy band-gap of the material with  for many inorganic semiconductors and insulators 12 13 . The backscattered coefficient of each material was obtained from Monte Carlo simulations. Commercial colloidal core/shell QDs of CdSe/CdS (QD1) and CdSe/ZnS (QD2) capped with hexadecylamines were dispersed in hexane and toluene, respectively. Each QD film (> 1 um)
was prepared by a drop-casting method onto a highly doped bare Si substrate (<0.005 ohm·cm)
to reduce charging effects. To assemble a highly-packed QD layer, a small piece of Si substrate
(1 cm  3 cm) was inclined on a wedge and the QD solution was dropped at the bottom of the substrate. Following the slow-dry of the QD solvent, another drop casting was performed on top of the QD layer. A spectroscopic ellipsometry was performed on the thick part of the QD film, where the CL spectra were collected. Commercial bulk wafers (≈400 μm thick) of GaAs, InP, and CdS were cleaned with acetone and isopropanol, and blown dry.
Each sample was mounted on an aluminum sample holder using a carbon tape and placed under the parabolic CL mirror. The z-height (step size of 50 µm) was optimized by maximizing CL counts in the spectrum. At this focal point, the CL photons are collected and collimated effectively to the spectrometer. The entrance slit to the spectrometer was wide open (1 mm) to maximize the collection of the CL photons, resulting in a broadening of the emission peaks but not affecting the integral count.
Figure S-9 displays the measured CL spectra at 10 keV. The characteristic peak at each CL spectrum is matching to the corresponding band-gaps, indicating band-edge recombination.
The high CL intensities of the CdSe/ZnCdS QD film, phosphor powder, and high-purity GaAs and InP were observed at different acceleration voltages as well. The total number of collected CL photons was obtained by integrating each spectrum. Due to the refractive indices of the materials, the fraction of the escaping photons from the materials to the vacuum is different. The normalized CL counts were calculated by dividing the total count by the CL fraction (see Table   S -1). This normalization is accurate only for samples with flat surface, and the escape fraction is larger and displays strong variations in phosphors particles. Therefore, IQE is not calculated for phosphor sample. Figure S-9 shows the normalized CL counts at different acceleration voltages, indicating that the generated CL photons in the QD layer is similar to those in the high purity GaAs or InP. 
